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Biotransformation Enzymes in the
Rodent Nasal Mucosa: The Value of a
Histochemical Approach
by Matthew S. Bogdanffy*
An increasing number ofchemicals have been identified as being toxic to the nasal mucosa of rats.
While many chemicals exert their effects only after inhalation exposure, others are toxic following
systemicadministration, suggestingthatfactorsotherthandirectdeposition onthenasal mucosa may
be important in mechanisms of nasal toxicity. The mucosal lining of the nasal cavity consists of a
heterogeneous population ofciliatedandnonciliated cells, secretory cells, sensorycells, andglandular
and other cell types. For chemicals that are metabolized in the nasal mucosa, the balance between
metabolic activation and detoxication within a cell type may be a key factor in determining whether
thatcelltypewillbe atargetfortoxicity. Recentresearchinthe areaofxenobiotic metabolism innasal
mucosahasdemonstrated the presence ofmany enzymespreviously describedinothertissues. In par-
ticular, carboxylesterase, aldehyde dehydrogenase, cytochromes P-450, epoxide hydrolase, and
glutathioneS-transferases havebeenlocalizedbyhistochemical techniques. The distributionofthese
enzymes appears to be cell-type-specific and the presence of the enzyme may predispose particular
celltypes to enhanced susceptibility or resistance to chemical-induced injury. This paper reviews the
distribution ofthese enzymeswithinthenasal mucosainthecontextoftheircontributiontoxenobiotic
metabolism. The localization of the enzymes by histochemical techniques has provided important
information onthepotential mechanism ofactionofesters, aldehydes, andcytochromeP-450 substrates
known to injure the nasal mucosa.
Introduction
Research into mechanisms ofchemical-induced nasal
toxicity and carcinogenicity was promoted by the find-
ing that agents ofindustrial and environmental impor-
tancesuch asformaldehyde, acetaldehyde, hexamethyl-
phosphoramide, and 1,2-dibromoethane cause nasal
tumors in rats following long-term inhalation exposure
(1-4). Researchinterestinthemechanismsofnasaltumor
formation revealed that nasal tumors could be produc-
ed by agents administered orally, including certain
nitrosamines, 1,4-dioxane, andphenacetin(5-?). Thelat-
terstudies wereofparticularimportancesincetheysug-
gested that agents reaching the nasal mucosa through
thesystemiccirculation maybemetabolically activated
within target cells. Prior to 1982 when the group at
Lovelace Inhalation Toxicology Research Institute first
demonstratedthesusceptibility oftheratanddognasal
mucosatoN-demethylate, avarietyofcytochromeP-450
substrates, nootherwork hadhighlightedthe potential
importance of this tissue as a site for extrahepatic
xenobiotic metabolism (8,9).
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Since then, biotransformation rates in the nasal
mucosa of several environmental pollutants and car-
cinogenshavebeenquantitated. Ingeneral, thesestudies
used homogenates prepared from nasal tissue excised
from either the whole nasal cavity or from selected
regions. While studies of this kind provide valuable in-
formation regardingthe total activity ofthe mucosa, it
isimpossible togleancell-specificinformationfromsuch
techniques. Since the nasal mucosa consists of heter-
ogeneouscellpopulations, itisnotclearwhetheranypar-
ticular cell type is more metabolically competent than
others. Also, it is not known if some cells may be at
greaterriskofchemical-inducedtoxicitythanothermore
or less metabolically active cells. Culturing individual
cellsandmeasuringxenobioticmetabolismwouldbeone
approach to the questionbut currently this is not tech-
nically feasible as there are many (> 12) different cell
populations in the nasal mucosa and methods are not
available for their separation. However, histochemical
analysisofthetissues, althoughnotstrictlyquantitative,
can provide cell-specific information. This review
presentsthe toxicology and biochemistry ofseveral ex-
amplesofnasaltoxicantsanddiscusseshowhistochem-
ical localization ofbiotransformation enzymes has aid-
ed in an understanding of the mechanism of action of
these chemicals.M. S. BOGDANFFY
Carboxylesterase
Toxicology of Chronic Inhalation
Exposure to Esters
Inhalation studieswithglycoletheracetates, acrylate
esters, dibasic esters, acetic acid, and acrylic acid have
revealed a common responseoftheolfactoryepithelium
to both short-term and chronic exposure (10-14). In
general, the olfactory epithelium undergoes adegener-
ative processwithwhat appears tobeinitial lossof sen-
sory cells. The olfactory epithelium lining the anterior
portion ofthe dorsal meatus is frequently the first site
injured, andthe response occursatairborne concentra-
tions that do not damage the adjacent respiratory epi-
thelium. Because conventional histological techniques
have been employed in most ofthese studies, morpho-
logicaldetails areinadequate todetermine whetherthe
sensory cells are truly the initial target site orwhether
thesustentacularcells(support cells) arefirstaffected,
followed by degeneration of the mature sensory cells.
Evidence forthesecond scenario has comefromrecent
studies in which electron microscopic evaluation of
methyl bromide-induced sensory cell degeneration
revealed that this lesion wassecondary to aprimary le-
sion in sustentacular cells (15). Ultrastructural studies
are necessary to confirm this sequence ofeventsin the
case of the esters cited above. Hyperplastic responses
have been noted in the basal cell layer following sub-
chronic exposure toethylacrylate ordibasic esters, and
these responses are often associated with respiratory
metaplasia oftheolfactoryepithelium. Thisfinding ap-
pearstobe commonto manyagentsdamagingtheolfac-
tory epithelium and is mostlikely anadaptive response
characteristic of epithelial regeneration. Regeneration
oftheolfactoryepitheliumto amorphologicallynormal
architecture following cessation of exposure has been
notedforseveralchemicalssuch asmethylbromide(16),
methyl isocyanate (17,18), and the dibasic esters (12).
Metabolism of Inhaled Esters
Severalexamplessupportthehypothesisthatcarboxy-
lesterases, located within the nasal mucosa, hydrolyze
inhaled esters to their corresponding acids, which may
contribute tothehistopathological changes seenfollow-
ing inhalation exposure. Propylene glycol monomethyl
etheracetate(PGMEA)isreadilyabsorbedinthe upper
respiratory tract upon inhalation(19)and ishydrolyzed
to propylene glycol monomethyl ether and acetic acid
(10,13). Inhalation exposure of rats and mice to the
parentcompound, PGMEA, induceslesionsoftheolfac-
tory epithelium. Similar inhalation studies with the
hydrolysisproductsshowedthatpropyleneglycolmono-
methyl ether has no effects on nasal olfactory epithe-
lium, while acetic acid induces the same olfactory epi-
thelial lesion as PGMEA (13).
Both ethyl acrylate and its hydrolysisproduct acrylic
acidinducelesionsinthenasal mucosathat arerestricted
to the olfactory epithelium (11). No reports could be
identifiedfromthe literature to suggestthatinhalation
exposure to the alcohol metabolite of ethyl acrylate,
ethanol, istoxictothenasalepithelium. Theabsorption
of ethyl acrylate by the upper respiratory tract of rats
issaturableandisreducedbypretreatmentwiththecar-
boxylesterase inhibitor, triorthocresyl phosphate (19).
Furthermore, hydrolysisofethylacrylatetoethanoland
acrylic acid by nasal carboxylesterase in vitro was
demonstrated to be significant (13).
Thedibasicesters(DBE)areamixtureofdimethyladi-
pate, dimethylglutarate, anddimethylsuccinate. Ninety-
dayinhalationexposureofratstoDBEresultedinlesions
oftheolfactoryepitheliumatconcentrationsthatdonot
affect the respiratory epithelium (12). The lesions are
primarily of the olfactory sensory cell layer and are
similarinmorphological characteristics tothoseproduc-
ed by PGMEA and ethyl acrylate. Metabolism of DBEs
by nasal respiratory and olfactory mucosae in vitro
demonstratedthathydrolysisofDBEsyieldsmainlythe
monomethyl esters(monomethyl adipate, monomethyl
glutarate, and monomethyl succinate) (20). Hydrolysis
ofthe remaining ester linkage to form the diacids does
not appear to occur. As shown inThble 1, the carboxyl-
esterase activity ofolfactorymucosaisgenerally much
greater than respiratory mucosa, suggesting that local
formation of acid metabolites of the DBEs in olfactory
mucosamaybe the initialbiochemical eventpreceding
sensorycelldegeneration(21-23). Thedifferenceincar-
boxylesterase capacity between respiratory and olfac-
tory mucosamaythus account, in part, forthe increas-
ed susceptibility of olfactory tissue to the toxic effects
of inhaled esters.
Histochemistry of Carboxylesterase
The biochemical studies discussed above were per-
formed with homogenates prepared from nasal tissue.
Thequestionremainsfromthesestudiesastowhichcell
type(s) within the mucosa contain carboxylesterase
activity. Recently, cold glycolmethacrylate embedding
procedures have enabled us to obtain improved mor-
phological detail of nasal epithelium while preserving
Ihble 1. Hydrolysis of several esters
by nasal mucosal carboxylesterase.
Activitya
Substrate Respiratory Olfactory
Dimethyl succinateb 0.362 3.222
Dimethyl glutarateb 0.683 4.269
Dimethyl adipateb 0.382 2.014
p-Nitrophenyl butyratebc 0.099 0.605
Amyl acetated,e 0.100 0.120
Phenyl acetated,e 0.230 0.250
P-Butyrolactoned,e 0.063 0.064
aValues are expressed as Amole/min/mg protein.
bActivity in whole homogenate.
CFrom Bogdanffy et al. (21).
dActivity in S-9 fraction.
eFrom Dahl et al. (22).
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enzymes for histochemical localization (23). This tech-
nique wasappliedin adetailedstudyofthedistribution
of nonspecific esterase (a-naphthyl butyrate esterase,
NBE) in the nasal mucosa (21). Differences in localiza-
tion andintensity ofcarboxylesterase reaction product
acrossthevarietyofepithelialcelltypes wereobserved.
The a-naphthylbutyrate esterasereactionproduct was
foundtobevariableinepithelial cellsoftherespiratory
mucosa (Plate 1, lhble 2). Ciliated and nonciliated col-
umnar respiratory epithelial cells and basal cells stain-
ed positively, with the stain being more intense in the
ciliated cells. Thereactionproduct wasdistributed even-
lythroughoutthecytoplasmbut wasnoticeablyweaker
in the nuclei. Goblet cells were the one respiratory
epithelial cell type devoid of the cytoplasmic reaction
product. Theapparentlackofactivityingoblet cells may
be a result ofthe decreased cytoplasmic volume ofthe
cells. In most cell types the reaction product appeared
mainly in cytoplasm, but it was only evident along the
cell wall in goblet cells. Interestingly, mucoid material
overlying the portion of airway lined by respiratory
mucosa stained positively for NBE, as did seromucous
glands of the underlying mucosa. The enzyme present
in the mucus, therefore, is probably secreted by the
acinar cells of the seromucous glands.
Inolfactoryepithelium, twodistinctlayersofNBE ac-
tivity were apparent(Plate2). Theluminalaspectofthe
epithelium, predominantly in the apical cytoplasm of
sustentacular cells, was moderately positive for NBE.
Sustentacular cells have footlike projections extending
downtothebasal celllayerthatalsodemonstrated NBE
activity. Incontrasttorespiratoryepithelium, thebasal
cells ofolfactory epithelium were negative forNBE. In
the laminapropria, Bowman'sglandsstainedintensely.
Thereactionproduct wasconcentratedintheacinarcells
and the cells lining the ducts; however, the lumen of
theseductscontainingsecretionsofBowman'sglandsdid
not show any NBE activity.
Histochemical localization ofcarboxylesterase activity
showed that specific cell types in both respiratory and
olfactory mucosa have the capacity ofhydrolyze esters
while othercelltypes areapparently devoid ofactivity.
Within olfactory mucosa, the primary site of ester-
induced lesions, sustentacular cells and acinar cells of
Bowman'sglands maybetheinitialsiteoftoxicacidfor-
mation. Esteraseactivityinsustentacular cellsandducts
of Bowman's glands is particularly important in that
thesecells are socloselyassociatedwiththe sensorycells.
Itisinterestingthat sensorycells themselves do not ap-
pear to possess esterase activity. Possibly the esterase
activity exists in the olfactory vesicles of sensory cells;
however,thesestructurescannotbeclearlydistinguished
atthelightmicroscopiclevel. Ultrastructuralevaluation
ofthe enzymedistributionisneededto answerthis ques-
tion. Ifolfactoryvesiclesdo not possess esterase activi-
tythen, in some manner, locallygeneratedacidsdiffuse
oraretransportedintoneuronalcells. Sustentacularcells
maycommunicatewith sensorycellsthroughtightjunc-
tions (24). Perhaps through this mechanism, susten-
tacularcellsbringesteraseactivity, and, therefore, acid
metabolites into close proximity to the sensory cells
where such metabolites may be transported via tight
junctions directly into the sensory cells. Through this
type of transport, acid metabolites released from
PGMEA, EA, or the DBEs in the neighboring cells may
cause cytotoxicity to the sensory cells. The mechanism
for such transport and the critical subcellular target of
these acids have not been elucidated but deserve fur-
ther attention.
Aldehyde Dehydrogenase
Toxicology of Inhaled Aldehydes
Two simple aldehydes, acetaldehyde and formalde-
hyde, havebeenshowntoinducecarcinomasofthenasal
cavity upon long-term inhalation exposure (1,2). In the
case of acetaldehyde, the tumors are both squamous
cell carcinomasandadenocarcinomas, arisingfromthe
posterior portion of the nasal cavity (2). In the case of
formaldehyde, thetumors are squamouscellcarcinomas
originatingfromtheanteriorportionofthenasal mucosa
(1). Differencesinnonneoplastic responsestothesetwo
agents areevidentatlowtoxicconcentrations, whichfor
formaldehyde is 2 to 3 ppm and foracetaldehyde is 400
to 1000 ppm.
¶kble 2. Histochemical distribution of biotransformation enzymes in the rat nose.a,b
P-450
Cell type AldH FdH NBE red P-450 EH GSHt BaPOH
Squamous epithelium + ND + ND ND ND ND ND
Respiratory epithelium + ++ SOOb + + ,, ,,¢ , O 0
Seromucous glands ND ND + ± 0 o o ,
Olfactory sustentacular cells - + + So o boo
Olfactory nerves -PO- - -
Bowman'sglands + P +++ o P v
aAbbreviations and references are: AldH, acetaldehyde dehydrogenase (31); FdH, formaldehyde dehydrogenaase (35); NBE, a-naphthyl
butyrate esterase (21); P-450 red, NADPH-cytochrome P-450 reductase (52); P-450, several inducible forms of cytochrome P-450 (52-54);
EH, epoxide hydrolase (52); GSHt, several inducible forms of glutathione S-transferases (52), BaPOH, benzo(a)pyrene hydroxylase (52).
bFor studies in which qualitative evaluations were made of stain intensity, the scores are: -, no reaction; +, weak action; + +,
moderately strong reaction; + + +, strong reaction. For studies in which no qualitative evaluation was made, .- and - indicate enzyme
present or absent, respectively.
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Earlier signs of toxicity highlight differing suscep-
tibilitiesoftherespiratoryversusolfactorytissuetothe
effectsofacetaldehydeandformaldehyde. Acetaldehyde
exposure for approximately 4 weeks at low concentra-
tions (400 ppm) induces lesions primarily of olfactory
epithelium, characterizedbyalossofmicrovilli; epithe-
lial disarrangement; and the appearance of irregularly
shaped nuclei, loss of sensory cells and, at higher con-
centrations(5000ppm), focalhyperplasiaandsquamous
metaplasia (25).
Short-term (4-week) formaldehyde exposure, on the
otherhand, induces cytotoxicity inthe respiratory epi-
thelium (26). After 3 days of exposure to 6, 10, 15 or
20 ppmformaldehyde, anincreaseincellreplicationrate
isevidentintherespiratoryepitheliumliningtheanter-
ior portion of the naso- and maxilloturbinates (26,27).
Theeffectsprogress, following 13weeksof10and20ppm
formaldehyde tohyperplasiaandsquamousmetaplasia,
respectively (28). Significant changes in olfactory
epithelium do not occur until 13 weeks of exposure to
20 ppm (28).
Metabolism of Acetaldehyde and
Formaldehyde
Regional differences incytotoxicity andtumorforma-
tion induced by formaldehyde and acetaldehyde have,
for many years, been attributed, at least in part, to dif-
feringwatersolubilitiesofthetwocompoundsandhence
differing patterns of deposition of the two within the
nasal cavity. However, this cannot entirely explain the
regional differences in response. In the case of
acetaldehyde, studies with radiolabeled material have
shown deposition throughout the nasal mucosa (29).
Althoughtheinfluenceofwatersolubilityondeposition
patterns within the nose is likely a major factor con-
tributingtothedifferenceinlesiondistributionbetween
the two compounds, regional differences in the nasal
metabolismofformaldehydeandacetaldehydemayalso
offer partial explanation for the effects.
Both acetaldehyde and formaldehyde are highly
reactive compounds, so it follows that removal of ab-
sorbedacetaldehydeorformaldehydethroughmetabolic
processes wir protect the epithelium. The oxidative
detoxication of acetaldehyde and formaldehyde by rat
nasal respiratory and olfactory mucosal homogenates
hasbeeninvestigated(30).Twoisozymesofacetaldehyde
dehydrogenase were detected in rat nasal respiratory
and olfactorymucosae. ThehighKmisozyme isprobably
most responsible for detoxication of inhaled acetalde-
hyde, while the low Km isozyme may be the same en-
zymethatcatalyzestheoxidationofformaldehyde(30).
Thereisapproximately a5-folddifference intheactivi-
tyofacetaldehydedehydrogenasebetweenrespiratory
andolfactorymucosae(Table3). Thisdifferencesuggests
that regions of the nasal cavity covered by respiratory
mucosaare betterequipped todetoxify inhaled acetal-
dehyde than those lined by olfactory mucosa. The
pathologyofacuteandchronicexposuretoacetaldehyde
supports this biochemical finding.
Thefonnaldehydedehydrogenase-mediatedoxidation
of formaldehyde is glutathione dependent. The true
substrate for the reaction is S-hydroxymethyl gluta-
thione, formedbythecondensationofformaldehydeand
glutathione. Theoxidationofformaldehydebyratnasal
olfactory mucosa is approximately 2-fold higher than
thatforrespiratorymucosawhenglutathione isinclud-
edinthereactionmixture(Thble2). Thisresultsuggests
the olfactory mucosa is better equipped than the
respiratory mucosa to detoxify inhaled formaldehyde
underconditions ofregularglutathione status, i.e., not
depleted [9daysofexposureto6ppmformaldehydedoes
notreducenasalrespiratorymucosalglutathionelevels
(30)]. Thepathologicfindings intherespiratorymucosa
discussed above are consistent with this conclusion.
Histochemistry of Aldehyde
Dehydrogenase
The low acetaldehyde dehydrogenase activity in the
nasal olfactory mucosa and the high activity in
respiratorymucosawasdemonstratedbiochemicallyand
wassubsequently confirmedhistochemicallybymeans
of NAD+-dependent reduction of nitro-blue tetrazol-
ium, usingcoldglycolmethacrylateembeddedsections
of rat nose (31). In olfactory mucosa, little if any reac-
tion product was detected in cells ofthe epithelium or
lamina propria (Plate 3, Thble 2). Only a weak deposi-
tion of formazan granules was detected in acinar cells
of Bowman's glands, the cells lining the intraepithelial
portionoftheductsofBowman'sglands, basalcells, and
occasionalglobosesensorycells. Sustentacularcellsand
mature sensory neurons were negative for aldehyde
dehydrogenase, suggesting a paucity of acetaldehyde
detoxication capacity in the olfactory mucosa.
The most interesting aldehyde dehydrogenase stain-
ing patterns were observed in the respiratory mucosa
(Plate 3). Onlyminimal activity waslocated in the sub-
epithelialseromucousglands,whilemostoftheactivity
wasconfinedtociliatedcellsoftheepitheliallayer. The
formazan reaction product was polarized toward the
luminal aspect of the cells but did not appear to be
locatedintheciliarybasalbodies. Ingobletcells,thereac-
tion product was confined to the small amount of
cytoplasmsurroundingthesecretoryvacuole. Aldehyde
dehydrogenaseactivitywasalsodetectedinnonciliated
cells, althoughthepatternofstainingwasmore diffuse
throughout the cell cytoplasm.
Ciliatedrespiratoryepithelialcells areknowntocon-
tain a large amount of mitochondria that provides the
energyrequiredtodriveciliarymovement(32). Theloca-
tionofthesemitochondriareflectstheformazangranule
deposition pattern formed bythe aldehyde dehydroge-
nasestainingreaction. Forthisreasonandthefactthat
mitochondria are known to possess several aldehyde
dehydrogenase isozymes (33), it is believed that the
histochemicalstainislocalizingprimarilymitochondrial
aldehyde dehydrogenase. Cytosolic forms of aldehyde
dehydrogenaseandfornsboundtosmoothendoplasmic
reticulum have also been identified in small quantities
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Table 3. Kinetic constants for oxidation of S-hydroxymethyl glutathione, formaldehyde,
and acetaldehyde by rat nasal respiratory and olfactory mucosae.a
Enzyme Substrate Tissue Vmax Km
FdH S-Hydroxymethyl glutathione Respiratory 0.90 0.0026
Olfactory 1.77 0.0026
AldH Formaldehyde Respiratory 4.07 0.481
Olfactory 4.39 0.647
AcldH I Acetaldehyde Respiratory 128 20
Olfactory 28 22
AcldH II Acetaldehyde Respiratory 0.8 0.0003
Olfactory 2.2 0.1
aFrom Casanova-Schmitz et al. (30).
(34), andthesemaycontributetothemorediffusestain-
ingnotedinthenonciliatedcells. Itisinterestingtonote,
however, that no reaction product was detected in the
luminal aspect of sensory cells that are also ciliated.
These histochemical studies point out the differences
betweencellsintermsoftheirabilitytodetoxifyacetal-
dehyde. Inthisrespect, theciliatedrespiratoryepithelial
cells are likely to be the main cell type contributing to
the respiratory mucosa's ability to detoxify inhaled
acetaldehyde.
A recent report described the distribution offormal-
dehydedehydrogenaseactivityinnasalmucosainwhich
tissues were stained in the presence and absence of
glutathione (Thble 2) (35). In contrast to acetaldehyde
dehydrogenase, formaldehyde dehydrogenase was
detected as adiffuse cytoplasmic stain inboth respira-
toryandolfactoryepithelialcells, Bowman'sglands, and
seromucousglandswhenglutathionewasincludedinthe
reaction mixture. The omission of glutathione blocked
theformationofformazan, demonstratingthatthereac-
tion product represents specifically formaldehyde
dehydrogenase.
The biochemical findings taken together with the
histochemicalstudiesofacetaldehydeandformaldehyde
dehydrogenase showthattherespiratoryandolfactory
mucosaediffersignificantly intherelativeactivity and
distribution ofthese enzymes. Althoughthe substrates
fortheseenzymesarestructurallysimilar, theirmetabo-
lism andthecellsresponsible fortheirmetabolism vary
considerablybetweenthetwomucosaltypes. However,
forbothacetaldehydedehydrogenaseandformaldehyde
dehydrogenase, the distribution of these detoxication
enzymescorrelateswithregionalresistancetothetoxic
effectsofinhaledacetaldehydeandformaldehyde. These
studies provide valuable clues as to the mechanism of
actionofthesecompoundsbyquantitatingdetoxication
capacitywithinatissueandidentifyingspecificcelltypes
within the tissue responsible for the enzyme activity.
Cytochrome P-450 and Related
Enzymes
Toxicologic Responses to Cytochrome
P-450 Substrates
The response ofthe nasal cavity to reactive metabo-
lites that are formed as a result of cytochrome P-450
activation is not as clear as that for the esters and
aldehydesnotedabove; thisis, inpart, duetothediver-
sity ofcompounds known to be activated by this group
ofenzymes which, inturn, isaresultofthebroadspec-
trum of cytochrome P-450 isozymes. Localization of
cytochrome P-450 isozymes within specific cell types
maydefinecellpopulationswithinthemucosaastargets
for particular chemicals. Pathologic responses to nasal
carcinogenssuchasnitrosaminesandhaloalkenes, which
are known to be metabolically activated to reactive in-
termediates by cytochrome P-450, have been reviewed
(36,37). As mentioned below, several isozymes of
cytochrome P-450havebeenidentifiedinnasalmucosa.
Metabolism of P-450 Substrates
Byfar, themostextensivelystudiednasalcytochrome
P-450 substrates are the nitrosamines and polycyclic
aromatic hydrocarbons-both of which are environ-
mental contaminants and nasalcarcinogens. Forexam-
ple, inhalation exposure ofhamsterstobenzo(a)pyrene
produces a high incidence of nasal cavity and alimen-
tary tract tumors (38). The metabolism of benzo(a)-
pyrenehasbeenstudiedintherespiratoryandolfactory
tissueofthehamsterandrat(39,40). Conversionofben-
zo(a)pyrenetomutagenicmetaboliteswasdemonstrated
in regions of the nasal cavity lined by both respiratory
and olfactory mucosa. Mutagenic metabolites also ap-
pear in nasal mucus where they may be transported to
the alimentary tract exposing esophageal and gastric
epithelium to ultimate carcinogenic metabolites of
benzo(a)pyrene.
Species differences in the oxidation of cytochrome
P-450substratesbynasaltissuehavebeenobserved(41),
andthese areparticularly evidentwhenexaminingthe
metabolismofbenzo(a)pyrene. Thetotalmetabolismof
benzo(a)pyrene is approximately equivalent for max-
illoturbinate (respiratory mucosa) or ethmoturbinate
(olfactory mucosa) tissue inthe Syrian hamster(40). In
thedog, however, thereisa7-foldincreaseintotalbenzo-
(a)pyrenemetabolisminethmoturbinatetissuerelative
to maxilloturbinate tissue (42). Similarly, species dif-
ferences exist in the N-deethylation of diethylnitro-
samine by nasal mucosa and the difference correlates
with nasal tumor susceptibility. Syrian hamster nasal
mucosa is more efficient than that of the Sprague-
Dawley rat for diethylnitrosamine deethylation,
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and the former species is more susceptible to diethyl-
nitrosamine-induced tumors than is the latter (43).
The tobacco-specific nitrosamine 4-(N-methyl-N-
nitrosamino)-1-(3-pyridyl)-1-butanone (NNK) (44), a
known nasal carcinogen in rats, undergoes extensive
cytochrome P-450-dependentN-dealkylation reactions
in both respiratory and olfactory mucosa, liberating
DNA-reactive alkylatingagents. Differencesintheeffi-
ciency ofDNA alkylation by NNK between respiratory
mucosa is two to four times greater than in olfactory
mucosa, following a single dose ofNNK(45). Intraperi-
tonealadministration ofNNK resultsinasequestration
ofradioactivityintheacinarcellsandductsofBowman's
glands, sustentacular cells of olfactory mucosa, and
seromucous glands of the respiratory mucosa (46).
Histoautoradiographic studies of the distribution of
radiolabelednasalcarcinogensyieldedthefirstcluesthat
cytochromeP-450-mediatedbiotransformationofchemi-
cals varies from one cell type to another. Nitrosodi-
ethanolamine followsapatternofdistribution similarto
that ofNNK(47). The oral analgesic drug and rat nasal
carcinogen phenacetin also concentrates primarily in
Bowman's glands, but in vitro studies indicate binding
tosustentacularcellsandgobletcellsofthe respiratory
epithelium aswell(48). Arecentstudydemonstratedthe
toxic effects to olfactory mucosa of the phenacetin-
precursor acetaminophen (49). Tbgether these reports
are suggestive of a high concentration of cytochrome
P-450 in Bowman's glands and lower, although signifi-
cant, levels in sustentacular cells, seromucous glands,
and selected cells of the respiratory epithelium.
Biochemical measurement of cytochrome P-450
contentinnasalmucosahasconfirmedthehighconcen-
trationinferredbythemetabolismstudies. Cytochrome
P-450 concentration in rat nasal olfactory mucosa is
approximately240pmole/mgproteinandisaboutseven
times higher than respiratory mucosa (50). Total
cytochromeP-450contentofrabbitolfactory mucosahas
beenreportedtobeashighas750pmole/mgprotein(51).
In many species, nasal P-450 concentration in the
respiratory and olfactory mucosae combined is second
only tothat ofthe liver(50). Aswithotherbiochemical
measurements, thesestudiesdonotprovide information
on the cellular specificity of cytochrome P-450.
Immunohistochemical Localization of
Cytochrome P-450 and Related Enzymes
Advances in immunohistochemical staining tech-
niques have enabled the identification of cytochrome
P-450isozymesinratnasalmucosa(9lble2). Inallstudies
theantibodyhasbeenraisedagainstpurifiedrathepatic
cytochromeP-450and,therefore, recognizesantigensin
nasalmucosa ofimmunochemical similarity to those in
liver. The phenobarbital-inducible isozyme of cyto-
chrome P-450andNADPH-cytochrome P-450reductase
andtheP-naphthoflavone-inducible formofP-450have
been studied (52-54). The pattern of enzyme distribu-
tion for both P-450 isozymes is similar to that for NBE
and parallels the distribution of covalently bound
radiolabeled compounds known to be metabolized to
reactive products by cytochrome P-450. In respiratory
mucosa, most cell types in the epithelium and cells of
the seromucous glands stain positively for cytochrome
P-450, althoughlessintenselythanolfactory mucosa. In
olfactorymucosa, thesustentacularcellsandacinarcells
ofBowman'sglandsandductsarealsopositiveforcyto-
chrome P-450. Similar to NBE, basal cells of the olfac-
toryepitheliumstainnegativelyforP-450. Thedistribu-
tion of benzo(a)pyrene hydroxylase (BaPOH), a cyto-
chrome P-450-dependent monooxygenase catalyzingthe
hydroxylation of the polycyclic aromatic carcinogen
benzo(a)pyrene, corresponds with that of P-450 (53).
Twootherenzymesrelatedtometabolicactivationand
detoxication of chemicals, epoxide hydrolase (EH) and
glutathioneS-transferase(GSHt), havealsobeenlocaliz-
ed immunocytochemically (53). Epoxide hydrolase
catalyzesthehydrationofelectrophilicepoxidemoieties
tovicinaldiolsinalkeneandarenemolecules. Hydrolysis
oftheepoxidebyEHis, inmostcases, adetoxicationreac-
tion, but in some cases may lead to substrates for fur-
ther metabolic activation, such as the diol epoxide
metabolite of benzo(a)pyrene. Similarly, GSHt, which
catalyzestheconjugationofglutathionewithelectrophi-
liccentersfacilitatingwatersolubilityandexcretionmay
also form more toxic end products. Both EH and GSHt
have patterns ofdistribution similarto the cytochrome
P-450 enzymes. Therefore, in the case of EH- or GSHt-
mediated detoxication ofchemicals activatedbyP-450,
the nasal mucosa, with the exception of sensory cells,
isaffordedsomedegreeofprotection. Inthecasewhere
EHandGSHtresult in morebiologically active metabo-
lites, thenasalmucosamaybeatargetsiteforchemical-
induced toxicity.
Conclusion
An increasing number of chemicals that are toxic to
the rodent nasal mucosa are being identified through
routine testing. The relevance ofthistoxicity to human
health risk is not clear but will become more apparent
throughmechanisticresearch, includingstudiesofnasal
xenobioticbiotransformation. Awidevarietyofbiotrans-
formation enzymes such as aldehyde dehydrogenases,
esterases, monooxygenases, epoxidehydrolases, andcon-
jugation enzymes have recently been identified in the
nasal mucosa by enzyme histochemical and immuno-
histochemical techniques. Localizationoftheseenzymes
isprovidinginformationonspecificcellulartargets. Fur-
thermore, the high capacity for xenobiotic metabolism
in nasal mucosa, compared with other tissues such as
the liver, suggeststhatnasalmetabolism isasignificant
factor. Ultimately, studies with human and nonhuman
primate tissue willbe necessary to complete the extra-
polation of metabolic factors from rodents to humans.
The contributions of Kevin Morgan, Charlotte Keenan, Holly
Randall, CeciliaKee, andCheriPattersonaregratefullyacknowledged.
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PLATE 1. a-Naphthyl butyrate esterase histochemical stain of male rat respiratory epithelium. Moderate product formation and even
distribution of reaction product is evident in ciliated respiratory epithelial cells (CRes). Carboxylesterase was weak but evident in
nonciliated respiratory epithelial cells (NRes). Basal cells (B) showed weak activity while goblet cells (Go) were weak to negative.
Mucus secretions (M) were weakly positive for carboxylesterase, as were the seromucous glands in the underlying mucosa (not
shown). x570. From Bogdanffy et al. (21).
PLATE 2. a-Naphthyl butyrate esterase histochemical stain in mail rat olfactory mucosa. Sustentacular cells (Sus) and their footlike pro-
jections above the basal cell layer (arrowhead) were moderately positive. The lumen of the ducts (arrow) were negative, as was the
neuronal cell layer (N). x570. From Bogdanffy et al. (21).
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PLATE 3. Acetaldehyde dehydrogenase histochemical stain in male rat respiratory and olfactory mucosae. The reaction product is present
in luminal aspects of ciliated respiratory epithelial cells (CRes). A moderate amount ofactivity can be seen in the nonciliated respiratory
epithelialcells(NRes). Enzymeactivityisweakinthecytoplasmsurroundingthegobletcells(Go), anditisweakbutapparentintheunderlying
Bowman's glands (BG). The respiratory-olfactory epithelial junction is apparent (arrow) along the epithelium lining the septum. x450.
From Bogdanffy et at. (31).
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